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Abstract
Monoamine oxidase A (MAOA) is an enzyme expressed in the brain that metabolizes dopamine,
norepinephrine, epinephrine, and serotonin. Abnormalities of serotonin neurotransmission have long
been implicated in the psychopathology of autism. A polymorphism exists within the promoter region
of the MAOA gene that influences MAOA expression levels so that “low activity” alleles are
associated with increased neurotransmitter levels in the brain. Individuals with autism often exhibit
elevated serotonin levels. Additional studies indicate that the “low activity” allele may be associated
with lower IQ and more severe autistic symptoms. In this study we genotyped the MAOA promoter
polymorphism in a group of 29 males (age 2–3 years) with autism and a group of 39 healthy pediatric
controls for whom brain MRI data was available. We found a consistent association between the
“low activity” allele and larger brain volumes for regions of the cortex in children with autism but
not in controls. We did not find evidence for over-transmission of the “low activity” allele in a
separate sample of 114 affected sib pairfamilies. Nor did we find any unknown SNPs in yet another
sample of 96 probands. Future studies will determine if there is a more severe clinical phenotype
associated with both the “low activity” genotype and the larger brain volumes in our sample.
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INTRODUCTION
Autism is a behaviorally defined neurodevelopmental disorder with a strong heritable
component. Individuals with autism spectrum disorders show marked impairments in
development of language, reciprocal social interaction and communication, and excessively
rigid and repetitive behaviors. Several lines of evidence from studies of genetics,
neurochemistry, and brain morphology have recently converged to suggest that monoamine
oxidase A (MAOA) may play a role in the development of autism. We, therefore, studied the
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effects of a functional MAOA promoter VNTR that potentially unites these findings on brain
structure volumes in children with autism.
MAOA is a key regulator of the neurotransmitters serotonin, norepinephrine, and dopamine,
abnormalities of all which have been linked to autism [Lam et al., 2006]. These
neurotransmitters are metabolized by MAOA and their levels vary in response to levels of
MAOA present in the brain [Jonsson et al., 2000; Williams et al., 2003; Zalsman et al., 2005;
Ducci et al., 2006]. Serotonin influences multiple aspects of brain development including
neurogenesis, cell proliferation, and differentiation [Schumann et al., 2004]. More recent PET
studies have demonstrated abnormal serotonin synthesis in brains of individuals with autism
[Lotspeich et al., 2004], and serotonin reuptake inhibitor medications (SRIs), which interfere
with serotonin transporter (SLC6A4) activity, are effective intreating some aspects of autistic
symptomatology. Dopamine has been shown to be involved in a broad range of behaviors from
cognitive processing to impulsivity [Claveria et al., 1975; Costa, 1977; Roberts and Sharif,
1978]. With the success of antipsychotics in treating symptoms associated with autism, the
role of dopamine in the neurobiology of autism is therefore being more intensively investigated
[Anderson and Hoshiono, 1997]. Levels of the catecholamine norepinephrine have also
repeatedly been shown to be elevated in children with autism [Lake et al., 1977; Launay et al.,
1987; Cook et al., 1990; Leventhal et al., 1990; Leboyer et al., 1992] and finally, deletions and
nonsense mutations in MAOA are known to result in Brunner syndrome, which is characterized
by low IQ, autistic like symptoms and aggression [Brunner et al., 1993; Brunner, 1996].
Regarding brain morphology, variation in an MAOA promoter VNTR that affects
transcriptional efficiency has recently been shown to influence volumes of numerous
structures, including the cerebral cortex, in healthy controls [Meyer-Lindenberg and
Weinberger, 2006]. A transgenic mouse line in which MAOA is disrupted shows multiple
structural brain abnormalities [Cases et al., 1995]. Autism is characterized by consistently
replicated morphological abnormalities, including heavier post mortem brain weight, an
increased frequency of macrocephaly, and increased total brain volume as determined by MRI.
We recently found, in a sample of young autistic children (2 years old), specific enlargement
of cerebral cortical gray and white matter [Piven et al., 1992], which is consistent with previous
reports of this age group [Lainhart et al., 1997, 2002; Dementieva et al., 2005]. Finally, the
MAOA gene is also located in a 20 centiMorgan (cM) region on the X chromosome that has
shown modest linkage to autism spectrum disorders (Wassink, unpublished work). Moreover,
due to the skewed sex ratio in autism (4 males: 1 female) MAOA has been considered a
candidate gene for autism susceptibility based not only on its function, but also on its location
on the X chromosome.
The promoter VNTR is 1.2 Kb upstream of exon 1, with a high activity allele (MAOA-H) that
is present in 3.5 or 4 repeats and a low activity allele (MAOA-L) present in 3 or 5 repeats
[Sabol et al., 1998]. The variant appears to be linked to IQ and symptom severity among autistic
children [Yirmiya et al., 2002; Cohen et al., 2003] and has also been associated with panic
disorder, anti-social behavior, depressive disorder and responsiveness to selective serotonin
reuptake inhibitors (SSRIs) used to treat depression [Deckert et al., 1999; Samochowiec et al.,
1999; Yu et al., 2005]. Based on these converging data, we therefore evaluated whether the
MAOA promoter VNTR influences autism susceptibility. In this pursuit, rather than being
limited to one domain of analysis, we used a comprehensive approach that included: (1) Testing
the polymorphism for association with autism, (2) Screening MAOA for rare and potentially
deleterious coding sequence variation, and perhaps most novel, (3) Testing for effects of the
polymorphism on brain structure volumes in young children with autism.
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For this study, we analyzed data and DNA from four independently ascertained samples:
University of North Carolina (UNC) Autism MRI sample, UNC single strand conformation
polymorphism (SSCP) screening sample, Collaborative Linkage Study of Autism (CLSA)




UNC autism MRI 29 ANCOVA
UNC SSCP screening 94 SSCP/sequencing
CLSA 513 FBAT association
IPNC 39 ANCOVA
The CLSA sample is comprised of 114 autism affected sibling pair (ASP) families. These
families were recruited and assessed through the University of Iowa (UIA) and through the
Neurodevelopmental Disorders Research Center (NDRC), University of North Carolina
(UNC), Chapel Hill. All affected individuals were at least 3 years old at the time of
ascertainment, and diagnosis was confirmed with the Autism Diagnostic Observation Schedule
[Lord et al., 1989, 2000] and the Autism Diagnostic Interview—Revised [Le Couteur et al.,
1989]. For inclusion, the family was required to have at least two children diagnosed with
autism. Affected individuals were excluded if they had fragile X syndrome (based on fragile
X DNA testing) or any neurological or medical condition suspected of being associated with
autism such as tuberous sclerosis, neurofibromatosis, etc. This sample was used to test for
association of the MAOA promoter polymorphism with autism.
The UNC screening sample has also been recruited from the NDRC. Individuals in this sample
are from singleton families and were required to have a diagnosis of any Pervasive
Developmental Disorder, except for Childhood Disintegrative Disorder, based on a multi-
disciplinary clinical evaluation. This sample reflects the high proportion of mental retardation
and cognitive impairment in the larger ASD population. Roughly 3/4 of the sample has mental
retardation (MR) and ASD, while 1/4 has an ASD but no MR. This sample provided DNA for
94 affected individuals that was used exclusively for mutation screening.
The UNC autism MRI sample is comprised of 51 children with autism between the ages of 18
and 35 months at the time of scan, who are participating in a longitudinal MRI study of the
brain (described in detail elsewhere [Piven et al., 1992]). Inclusion and exclusion criteria are
as described for the CLSA sample, except that diagnosis was performed clinically at the UNC
TEACCH center and verified at repeated intervals over the last 2 years. DNA was available
for 29 boys and 5 girls from this sample, but given well established gender differences in brain
development and morphology as well as the fact that MAOA is an X chromosome gene, only
data from boys were analyzed. All UNC MRI children were Caucasian, and average age at the
time of the scan was 2.71 ± 0.30 years.
Lastly, we acquired DNA from a sample of typically developing children (Iowa Pediatric
Normal Control [IPNC]) who had undergone an MRI scan at the University of Iowa Hospital
and Clinics as part of their involvement in another study. Exclusion criteria for this group
included presence of braces, major medical, neurologic, or psychiatric illness, or history of
learning disability (information obtained from parents during screening process). Average full
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scale IQ for this group is 112 (±18). Only genotypes from boys in the IPNC sample were
analyzed, resulting in a cohort of 39 Caucasian males with an average age at the time of scan
of 12.5 ± 2.21 years. This sample, while still considered pediatric, ranged in age from 7 to 18
years old.
Study approval was acquired from the UNC, Duke, and UIA Institutional Review Boards, and
parents or guardians provided written, informed consent for their children after the study had
been fully explained to them.
Image Acquisition and Processing
For the UNC MRI sample, imaging was performed at the Duke-UNC Brain Imaging and
Analysis Center on a 1.5 Tesla GE Signa MRI scanner. Image acquisition was designed to
maximize gray/white tissue contrast for the 18–24 months old child and included: (1) a coronal
T1 IR Prepared: T1 300 msec, TR12 msec, TE 5 msec, 20° flip angle, at 1.5 mm thickness with
1 NEX, 20 cm FOV and a 256 × 192 matrix; and (2) a coronal PD/T2 2D dual FSE, TR 7,200
msec, TE 17/75 msec, at 3.0 mm thickness with 1 NEX, 20 cm FOV, and 256 × 160 matrix.
Initial image processing to register and align the T1 andPD/T2 scans into a standardized plane
was conducted with BRAINS2 developed at the University of Iowa [Andreasen et al., 1992;
Magnotta et al., 2002]. Images were processed for tissue segmentation using an adaptation by
our lab of the Expectation Maximization Segmentation (EMS) software originally developed
at the Catholic University of Leuven [Van Leemput et al., 1999a,b]. We also developed and
used a probabilistic atlas for tissue segmentation of the 2-year-old brain. The automated tissue
segmentation protocol has been previously described in detail [Hazlett et al., 2005] and was
used to generate gray and white matter volumes for the entire cerebral cortex and the frontal,
temporal, and combined parietal-occipital lobes.
Images for the IPNC sample were obtained on a 1.5 Tesla GE Signa MR scanner. Three
different sequences were acquired for each subject: T1, T2, and Proton Density. Processing of
the images after acquisition was done using a locally developed family of software programs
called BRAINS (acronym for Brain Research: Analysis of Images, Networks, and Systems).
Details of the image analysis are published elsewhere [Andreasen et al., 1992, 1993, 1994;
Cohen et al., 1992; Magnotta et al., 2002]. Briefly, The T2 and proton density images were
aligned to the spatially normalized T1 image using an automated image coregistration program.
A Talairach-based atlas coordinate system was overlaid onto each individual brain, aligning
with anatomical landmarks of that brain without normalization to a standardized brain size
[Talairach and Tournoux, 1988]. These coordinates were then used to generate automated
measurements of frontal, temporal, parietal, and occipital lobes, cerebellum, and subcortical
regions. This method permits morphological measurements to be made in non-normalized or
“raw” space.
Genotyping
PCR amplification of the MAOA promoter polymorphism was performed according to a
previously described protocol [Ducci et al., 2006]. PCR products were electrophoresed on 6%
polyacrylamide gels that were stained with silver and read by two independent raters with
discrepancies resolved by re-genotyping.
Mutation Screening
A panel of 96 probands was screened for MAOA mutations using single strand conformation
polymorphism (SSCP) screening [Sheffield et al., 1993]. Our screening approach was
bioinformatically directed. We utilized TrAPSS, a program developed at the University of
Iowa, to first screen MAOA in silico to identify regions of biological interest, such as exons
containing secondary structure. We then prioritized and screened these regions in order of
Davis et al. Page 4













biologic importance [Braun et al., 2006]. MAOA is a 90 Kb gene with approximately 4 Kb of
coding sequence spanning15 exons. We screened all exons and splice site junctions using
amplicons lessthan 250 bp in length. PCR products were electrophoresed on 6% non-
denaturing polyacrylamide gels at 20 W for approximately 3 hr at room temperature while
being cooled by a fan. The gels were then treated with silver nitrate to visualize the amplified
DNA fragments. Any amplicons showing SSCP shifts were then forward and reverse
sequenced to determine if a base pair change had occurred. The sequence data were analyzed
using the Sequencher gene analysis computer program (Gene Codes, Ann Arbor, MI).
Association in Affected Sib Pair Families
We also genotyped the polymorphism and performed a test of association to determine if any
of the alleles were associated with the autism diagnosis in our sample of CLSA affected sib
pair (ASP) families. Association analysis was conducted using the commercially available
FBAT software package (Golden Helix, Bozeman, MT). The test statistic isa chi-square test
(Z2–χ2) that incorporates user-defined covariates and parameters.
Analysis of Genotype Effects on Brain Structure Volumes
Analysis of covariance was used to test for relationships between genotypes and brain structure
volumes. Structure volumes were the dependent measures, genotype was the independent
measure, and covariates included age at the time of scan acquisition and head circumference.
We also tested all interaction terms, which were kept in the model only if significant. The
proper genotype grouping for the MAOA promoter VNTR is based on functional expression
data which shows that 3 and 5 repeat variants show low enzymatic activity (MAOA-L) while
3.5 and 4 repeats show high activity (MAOA-H) [Sabol et al., 1998]. As MAOA is an X
chromosome gene and only males were analyzed, all genotypes were hemizygous.
For any test with a significant F value for genotype we also calculated omega-squared (ω2),
an effect size measure which estimates the proportion of variance in a dependent measure
accounted for by an independent categorical variable in the population from which the sample
was drawn [Kirk, 1982]. Thus we used ω2 to measure the amount of variance in brain
morphology accounted for by MAOA genotype in young autistic children. Omega-squared is
given by the equation:
where, for our models, SSeffect is the Type III sums of squares for genotype, dfeffect is the
number of degrees of freedom for genotype (2 for an additive model, 1 for a dominant model),
MSerror is the mean square error for the entire model, and SStotal is the corrected total sums of
squares for the entire model.
RESULTS
Association Testing and Mutation Screening
CLSA genotype data was analyzed using PEDCHECK and MERLIN to identify Mendelian
inconsistencies and genotyping errors. The test statistic used was a standard univariate FBAT
(Golden Helix). The standard null hypothesis was used which stated that no linkage or
association was present at this locus. Additionally we conducted the FBAT test under all
possible genetic models (additive, dominant, and recessive). Using the FBAT ALL analysis,
we found no evidence to support unbalanced transmission of alleles within the CLSA sample
(MAOA-L, P = 0.56; MAOA-H P = 0.44).
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Similarly, our coding sequence screen did not identify any variants that were not already
described in publicly available SNP databases; specifically, we identified no non-sense or
missense variants.
Genotype-Brain Structure Volume Analyses
Allele frequencies for the UNC MRI and IPNC samples are shown in Table I. The ANCOVA
F test for the 2-genotype MAOA-L/H effect was significant for total cerebral cortical volume
(Table II). This led us to perform separate genotype tests for cortical GM and WM, both of
which were significant (F = 5.30, P = 0.01 and F = 4.80, P = 0.02, respectively). We then
parsed cortical gray and white matter into lobe-based subregions and found significant
genotype effects for frontal GM and WM volumes. Volume-genotype relationships in the
temporal and parieto-occipital regions showed a similar pattern of relationships, though they
did not achieve significance. Genotype omega-squared (ω2) values for structure volumes
influenced by genotype ranged from 4% to 9%. We then graphed the adjusted means of the
cerebral cortical gray and white matter for each genotype group. Examination of the adjusted
means for these structures revealed that the H allele was associated with smaller structure
volumes and the L allele with larger volumes (Fig. 1). Genotype did not significantly influence
cerebellar GM or WM volumes (Table II) in our sample of children with autism. We also did
not find any significant relationships between MAOA-L/H and brain size in typically
developing children (Table III). Due to the discrepancy in ages between the two MRI samples,
they should not be directly compared. However, the IPNC sample is representative of a healthy
pediatric population and the fact remains that the MAOA VNTR alleles produce different effects
on brain size in the autism MRI sample and no significant effect on brain size in the IPNC
sample.
DISCUSSION
We found that the low activity MAOA promoter polymorphism allele was associated with
increased cerebral cortical volumes in a sample of young male children with autism (Fig. 1).
When tissue type and the cerebral lobes were examined separately, the effects were similarly
significant for total and frontal gray and white matter volumes, with allelic effect sizes ranging
from 3% to 9%. The effects were in the same direction, though not significant, for temporal
and parietal-occipital volumes, and no effect was seen in the cerebellum (Fig. 1). Thus the
MAOA promoter polymorphism appears to exert a generalized effect on cerebral cortical
volumes in young male children with autism. In contrast to the brain structure data, we did not
find association of the MAOA promoter polymorphism with autism, nor did we detect any rare
disease-causing variants in our mutation screen. These results are consistent with previous
studies in which the low activity allele has repeatedly been associated with more severe autism
symptomatology while the variant has generally not found to be associated with autism itself
[Yirmiya et al., 2002;Cohen et al., 2003].
The MAOA promoter VNTR has been studied in numerous psychiatric phenotypes, including
antisocial behavior [Samochowiec et al., 1999; Sjoberg et al., 2007], aggression [Brunner et
al., 1993; Manuck et al., 2000; Newman et al., 2005; Meyer-Lindenberg and Weinberger,
2006], attention deficit hyperactivity disorder [Lawson et al., 2003; Li et al., 2007], bipolar
disorder [Preisig et al., 2000; Gutierrez et al., 2004], anorexia nervosa [Urwin et al., 2003;
Urwin and Nunn, 2005], autism [Yirmiya et al., 2002; Cohen, 2004], and depression [Yu et
al., 2005]. MAOA has most consistently been shown to play a role in aggression, as in Brunner
Syndrome, a disorder caused by a nonsense mutation of MAOA and characterized by mental
retardation, aggression, autistic-like symptoms, and poor impulse control [Brunner et al.,
1993; Brunner, 1996; Lenders et al., 1996]. Mouse knockout models of MAOA show a dramatic
increase in aggressive activity and elevated levels of cortical serotonin and dopamine [Cases
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et al., 1995]. More recent studies have shown that not only deletion of the MAOA gene, but
also low activity MAOA may confer susceptibility to impulsivity and aggression, particularly
in the context of environmental factors such as previous child abuse [Caspi et al., 2002; Foley
et al., 2004; Kim-Cohen et al., 2006; Nilsson et al., 2006;Widom and Brzustowicz, 2006].
Meyer-Lindenberg et al. (2006) found that psychiatrically normal males with the low activity
MAOA promoter VNTR allele had volume reductions in the amygdala, poorer impulse control,
and increased reactivity to negatively charged emotional stimuli as compared to males with
the high activity variant.
Similar effects of MAOA have also been found in autism, with two separate studies finding the
low activity allele to be associated with lower IQ and more severe symptoms [Yirmiya et al.,
2002; Cohen et al., 2003]. The findings from our study complement these others nicely, as we
show that the low activity MAOA allele is associated with increased white and gray matter
volumes of the cerebral cortex, but not the cerebellum, in young males with autism. Early
cortical enlargement is considered a hallmark of autism pathology. Individuals with autism,
when compared to controls, have an increased frequency of macrocephaly and heavier post
mortem brain weight and, from an early age, increased MRI volumes of a number of brain
structures. Our University of North Carolina (UNC) autism research group recently found
generalized enlargement of cerebral cortical gray and white matter, but not of the cerebellum,
in the same group of subjects analyzed in this report. Thus our data extends information
suggesting a pathological role for the low activity MAOA VNTR allele in autism and other
behavioral disorders. This assertion is further supported by the lack of association between the
MAOA VNTR and brain structure volumes in the Iowa pediatric normal control sample.
The influence of MAOA on brain structure is most likely mediated through its effects on
serotonin and dopamine [Caspi et al., 2002; Yirmiya et al., 2002; Cohen, 2004; Foley et al.,
2004; Kim-Cohen et al., 2006; Nilsson et al., 2006; Widom and Brzustowicz, 2006]. It is
possible, for example, that other factors in the genetic background of an individual with autism,
such as variants in serotonin or dopamine transporters, act in concert and facilitate the effect
of the MAOA gene on brain morphology. MAOA functions to maintain low levels of monoamine
neurotransmitters in CNS neurons, but the low activity promoter polymorphism allele has been
associated with higher levels of serotonin and dopamine metabolites [Zalsman et al., 2005;
Ducci et al., 2006], and both serotonin and dopamine as well as their precursors are known to
affect brain morphology [Sodhi and Sanders-Bush, 2004; Prakash and Wurst, 2006a,b]. Also
of interest, MAOA is expressed early in development, during the presumed period of risk for
autism [Vitalis et al., 2002]. This early MAOA expression is strongest in the cortex, thalamus,
and hypothalamus and weakest in the cerebellum and brainstem, where MAOB expression is
strongest [Jahng et al., 1997]. This expression pattern mirrors nicely our volume findings in
the autism sample.
These assertions are made, however, in the context of certain limitations. First, our sample,
though large for this type of study in autism, is nonetheless by objective standards small, and
we cannot rule out the possibility of false positive findings. Second, the MAOA promoter
polymorphism is likely not the only MAOA variant that has an effect on brain structure volumes.
We have not yet exhaustively genotyped all MAOA variants, but as we do, we may be able to
delineate genotype-phenotype relationships with more precision than our current data permits.
Lastly, because we analyzed only male children, we cannot determine whether the observed
relationships are specific to males or whether they would also apply to females. Taken together
with existing data on the MAOA promoter polymorphism, our results, which suggest a
contribution of MAOA to the brain enlargement seen in young autistic children, provide further
evidence for the involvement of the low activity allele in impairments of social cognition. The
small effect size of the MAOA VNTR is most likely due to the underlying genetic and
phenotypic complexity of brain development in the context of pathology. Further studies on
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the function of MAOA in brain development and behavior will clarify the full role of MAOA
in autism spectrum disorders.
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Least squares means for each genotype group was calculated using the regional volumes and
covariates. Frontal lobe gray and white matter volumes differ significantly between genotype
groups in our sample of children with autism. Cerebellum volumes do not differ by MAOA
genotype in our sample.
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TABLE I
MAOA Promoter VNTR Allele Frequencies for MRI Samples
High activity allele Low activity allele
Sample
3.5
repeats 4 repeats 3 repeats 5 repeats
UNC-MRI 0 17 12 0
IPNC 0 28 11 0
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